Rapid oxidation via adsorption of oxygen in laser-induced amorphous silicon
Yung S. Liu, S. W. Chiang, and F. Bacon General Electric Research and Development Center. Schenectady, New York 12301 (Received 26 January 1981; accepted for publication 31 March 1981) Amorphous silicon has been produced on a single-crystal silicon surface that was exposed to intense pulsed UV -laser radiation at 266 nm. In addition, the formation of an oxide several tens of nanometers in thickness is observed when the irradiation takes place in an O 2 or in an air ambient. Various experimental techniques including transmission electron microscopy, sputtered Auger electron spectroscopy, and differential Fourier-transform IR spectroscopy have been employed to characterize the laser-induced amorphous silicon and the oxide layer formed by this rapid melting and resolidification process. The present study suggests a new oxidation phenomena, namely, "laser-induced oxidation." PACS numbers: 64.70. Kb, In most laser annealing experiments, it has been shown that the ambient condition has little or no effect on the formation of the crystalline structure. On the other hand, in a recent report on the formation of noncrystalline phase aluminum induced by a pulsed ruby laser,1 it has been shown that small (-10 nm) grains of hexagonal AI-N are found embedded in the amorphous Al film induced by laser irradiation followed by rapid quenching. These experiments were performed in air at room temperature. Surface adsorption of nitrogen during laser irradiation was suggested as a possible mechanism for the formation of the AI-N compound. The formation of amorphous silicon by using pulsed lasers has been discussed previously.2 There has been, however, no discussion of the adsorption of any impurities in the amorphus silicon layer formed in these experiments.
In this work, we report on the formation of Si0 2 in the amorphous silicon layer that is formed by pulsed UV-Iaser irradiation.
3 The amorphous sHicon was studied by transmission electron microscopy (TEM). The oxide profile was analyzed using a combination of Auger electron spectroscopy (AES) and ion sputtering. Existence of the oxide was further confirmed by using differential Fourier-transform IR (FT-IR) spectroscopy. The oxide thickness increases from about 6 to about 30 nm as the UV-Iaser energy density increased. These oxide thicknesses are compared with the native oxide thickness of about 1 nm for an un irradiated sample. The formation of oxide is attributed to adsorption of oxygen by the molten silicon.
In the experiments, floating-zone-grown (FZ) (p type, 4 f1 cm) wafers of(IOO) and (Ill) orientations were used. The UV-Iaser pulse of 15 nsec at 266 nm was generated by frequency quadrupling of a Q-switched Nd: Y AG laser using tandem deuterated CDA and KDP crystals. In order to maximize conversation efficiency and improve long-term pulse energy stability, the CDA crystal was phase-matched at 1.06,um by using type-I angle tuning, while the KDP was phase-matched at 532 nm by using a noncritical temperature-tuned configuration. 4 The pulse energy was measured with a pyroelectric energy meter (Laser Precision RK3230) and the spot size was determined from the laser-irradiated area apparent on the silicon sample surface. The energy density was varied in the range of 1-4 J cm -2 by adjusting the focusing distance between the sample and the lens If = 50 mm). Samples irradiated under different ambient conditions were compared.
After the UV-Iaser irradiation, (100) and (Ill) samples were prepared by backside-jet-thinning and were examined by TEM. Electron diffraction patterns, which are halos typical of amorphous silicon (a-Si), were obtained. By comparing the radii of the (220) diffraction dots due to the c-Si substrate and of the second ring seen in the a-Si diffraction pattern, one can distinguish the amorphous material from a cluster of microcrystalline structure. After the close examination of the TEM diffraction patterns, the intensity distrubtion of the second halo observed from a UV-Iaser-induced a-Si sample appears to be more diffuse than that seen from an ion-implant-induced a-Si.
Auger electron spectroscopy (AES) was combined with ion sputtering in order to determine oxide thickness. The results of this analysis are shown in Fig. I , where the spectra displayed represent samples irradiated under different UVlaser energy densities. These spectra were obtained from a PHI Model 545 AES spectrometer. The experiments were performed at a base pressure of 10-'1 Torr. The electron beam had a -3,um diameter, was operated at 5 keY, and had an applied sample current of -300 nA. respectively. From the sputtering time required to obtain the elemental Si-L VV peak, the oxide thickness was estimated to vary from 6 nm at 1.0 J cm-2 to about 30 nm at 4.0 J cm -2. These oxide thicknesses are compared with the native thickness at 1 nm as shown in Fig. I(a) . The depth resolution is about I nm, which is limited by electron escape depth and ion-sputtering broadening. From TEM diffraction patterns and sputtered Auger spectra, it became evident that there was oxygen trapped in the laser-induced amorphous silicon layer. The oxygen was believed to have been trapped during rapid resolidification resulting in the formation of oxidecomplex structures. In order to determine oxide concentration and structure, we have carried out an FT -IR spectroscopy study on the UV-laser-irradiated samples.
Differential FT-IR spectra for Si (100) samples, irradiated at different energy densities, were obtained and are shown in Fig. 2(a) . The spectra were obtained by using an unirradiated portion of the wafers as a reference material. The Si-O stretching mode of Si0 2 at 1075 cm -I is evident. The peak intensity increases as a function of laser energy density. Furthermore, a broader but shallower IR band which extended to 1250 cm -I was observed. This shoulder became more pronounced at a higher laser energy density.
Assuming the absorption coefficient of Si0 2 at 1075 cm -I has a value of 3.4 X 10 4 cm -1,5 the oxide thickness (determined from the absorbence, as defined from the peak to the broad IR shoulder) was observed to increase from about 5 nm to about 37 nm. These values are in good agreement with the sputtered Auger profile data described.
When irradiation took place under different ambient conditions, e.g., argon versus oxygen, a marked difference in differential FT-IR spectra were observed, as shown in Fig.  2(b) . In these experiments, the irradiation energy density remained constant. In an Ar atmosphere, there was no Si-O band observed. Under this condition, because of the weak and diffused nature of the TEM micrographs, we were not able to identify the formation of any amosphous layer either.
The observed Si-O band at 1075 cm -I is an evidence of the formation ofSi0 2 during intense UV radiation. The origin of the observed broad shoulder for those irradiated samples has not been determined. Although it is known that porosity, strain, and oxygen deficiency could broaden the Si-° band width at 1075 cm -1,6,7 these effects should shift the band toward lower frequency, which is in contrast to what is observed in the present study.
Let us now consider some aspects of the kinetics of laser-induced oxidation. To form a lO-nm-thick Si0 2 requires 2.3 X 10 16 molecules cm -2. By assuming a sticking coefficient of unity, it would take about 20 nsec for this number of oxygen molecules to be adsorbed on the silicon surface at a pressure of one atmosphere. The diffusion through a 10 nm molten-silicon layer requires only a few nanoseconds. Under present experimental conditions, the absorption depth of silicon at 266 nm is much smaller than the thermal diffusion length -(2DTp) 1/2, where D is the thermal diffusivity and T p is the pulse width (15 ns). We estimated that the cooling rate achieved was in the order of 1011 K S-I. We also calculated (100) irradiated in air by UV lasers at 1.0, 1.8, and 4.0 J em -2; (b) spectra for silicon irradiated under different ambient conditions, e.g., Ar and 02' In Ar, the spectra for (100) and (III) substrates were identical. In each spectrum, the reference sample used is indicated.
the interfacial velocity, which is a function of the solid-liquid interfacial temperature gradient and the latent heat of phase transition, to be on the order of 10 4 cm s -I. According to our calculation, the speed at which the solid-liquid wavefront travels through a single monolayer silicon layer of -2 A thickness reaches or exceeds the limit that Spaepen and Tumbull 8 have previously calculated for the maximum configuration rearrangement frequency for a covalently bound system such as silicon. They set the value to be on the order of _10 12 S-I. In their calculation, impurity effect was not considered however.
At a high solid-liquid interfacial regrowth velocity, the adsorbed oxygen molecules could be trapped in the regrown zone. Although during melting the mechanism of adsorption of oxygen in the molten silicon layer could be complicated and highly nonequilbrium, the amounts of oxygen trapped in the melt zone should depend upon the solid-liquid interfacial regrowth velocity. The present study indicates that rapid oxidation takes place during the melting and resolidification through the adsorption of oxygen. It is evident from the differential FT-IR spectra, that there were other kinds ofSi-O complexes formed in addition to the formation of Si0 2 . The oxygen impurity could retard the silicon regrowth rate during the rapid resolidification from the melting caused by the intense UV irradiation. Previous workers have shown that this, indeed, takes place for solid phase epitaxial silicon film.
9
,1Q The adsorbed impurities could also facilitate the formation of amorphous silicon. The last question, but possibly not the least, relates to the effects that the intense 4.7 -e V photons could have upon rapid oxidation observed in these experiments. Our present study suggests a new technique for growing thin Si0 2 film, namely, "laserinduced oxidation."
We are indebted to H. E. Cline, E. A. Taft The peak energy (0.645 eV) and half-width of a broad photoluminescence band commonly observed in bulk semi-insulating gallium arsenide are shown to agree with those of the main electron trap (EL2) present in this type of material. The bahavior of this photoluminescence band, after thermal annealing, is also found to be compatible with that of EL2.
PACS numbers: 78.55. Ds, 63.20.Kr, 7l.55.Fr, 79.10 . + q Many experiments using various techniques (photoluminescence, absorption, and deep-level transient spectroscopy) have provided evidence for numerous deep levels in the band gap of GaAs.I However, there are few, ifany, of these levels for which an agreement is found between the electrically measured thermal ionization energy and the luminescence peak photon energy. This situation must be principally attributed to the generally strong coupling of the level with phonon modes.
The usual experimental evidences of such coupling involve (i) broad luminescence bands even at low temperatures 2 ,3 and (ii) a discrepancy between the thermal and the optical transition energies equal to the Franck-Condon shift 4 pc • In principle, the value of 4 pc and consequently the corresponding thermal ionization energy E T could be deduced from photoluminescence measurements at different temperatures. Indeed, according to the configurational coordinate model, the temperature dependence of the halfheight width W follows the law
Wo being given by
(1 )
In these expressions, the symbols have their usual meaning, Sbeing the Huang-Rhys coupling constant and Iitv the energy of the phonon coupled to the level. The Franck-Condon shift is simply 4 pc = SIitv.
A fit of the temperature dependence of W yields the values of ~) and Iitv and thus of 4 pc' However, several phenomena generally hinder the measurements of Wat significantly high temperatures; (i) most deep levels have low radiative efficiences; (ii) the intensity of the photoluminescence bands are severely quenched with increasing temperatures; (iii) the available infrared detectors lack sensitivity.
From an experimental view point, only two parameters, namely, the energy position of the peak and the low temperature limit Wo of the half-width are usually reached.
From the above considerations, it seemed quite desirable to get a way of relating the luminescence band features to the thermal emission analysis performed in deep-level transient spectroscopy (DLTS). DLTS techniques allow the determination of the thermal ionization energy E T and of the temperature dependence of the carrier capture cross section (Tn (T) for electrons of (Tp (T) for holes for deep levels. It has recently been shown that the differential analysis of deep-level transients under high electric field conditions may yield more information than just ET and an (T) or (Tp 
